Multivalued dependence of the magnetoresistance on the quantized conductance in 

nanosize magnetic contacts 
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We calculate the quantized conductance of nanosize point 
contacts between two ferromagnets for different mutual ori- 
entations of the magnetic moments. It is found that the mag- 
netoresistance MR is a multivalued function of the quantized 
conductance at the parallel alignment of the magnetizations 
a F . This leads us to the conclusion that experimentally ob- 
served large fluctuations of MR versus a F are rather due to 
the conductance quantization than to measurement errors or 
a poor reproducibility of the results. Using the results of the 
calculations we are able to understand experimental data ob- 
tained by Garcia et al for MR of the magnetic nanocontacts. 

PACS numbers: 74.80. Dm, 74.50.+r, 74.62.-c 



I. INTRODUCTION 

Recently a giant magnetoresistance (GMR) exceeding 
200% was discovered by Garcia et al in Ni-Ntl and Co- 
Con point contacts at room temperature. Somewhat 
smaller (~ 30% ) but also very large magnetoresistance 
was observed in Fe-Fe point contacts.u. These experi- 
ments revealed large fluctuations in the measured values 
of the magnetoresistance drawn versus the conductance 
at ferromagnetic alignment of magnetizations in contacts, 
a F (F-conductance). For Ni-Ni and Co-Co contacts, the 
fluctuations are especially large at a F of the order of 
several elementary conductances e 2 /h, which may indi- 
cate that the effect observed is related to a conductance 
quantization. 

The quantization of the conductance in magnetic nano- 
size contacts has been observed experimentally in Refs. 

Costa-KrameiO and Oshima and MiyancLJ reported 
on an odd integer number N of open conductance chan- 
nels (a = N(e 2 /h)) ki nickel point contacts at room tem- 
perature. Ono et afl presented an evidence of changing 
the conductance quantum from 2e 2 /h to e 2 /h at room 
temperature in nickeLnanocontacts of another morphol- 
ogy. Imamura et an and Zvezdin and Popkovu have 
calculated the conductance of a point contact between 
two ferromagnets and demonstrated the e 2 /h conduc- 
tance quantization due to a non-simultaneous opening 
of "up" and "down" spin-channels. Imamura et aH also 
studied numerically the magnetoresistance as a function 
of F-conductance a F and came to the conclusion that, in 



the conductance quantization regime, the magnetoresis- 
tance oscillated as a function of the conductance. 

In this paper, we calculate the conductance and the 
magnetoresistance of nanosize magnetic contacts in the 
regime of conductance quantization. We found that, at 
low temperatures, the magnetoresistance is a multival- 
ued function of the conductance at the parallel alignment 
of magnetizations, <j f . In other words, in the regime 
of quantization, different samples, having the same F- 
conductance a F , may have different magnetoresistances. 
The distribution of the magnetoresistance is extremely 
broad for the first few open F-conductance channels. 
This leads us to the conclusion that large data flue 
ations observed in the experiments by Garcia et al 
may be a direct consequence of the conduction quantiza- 
tion. This means that the data fluctuations are inevitable 
for the magnetoresistance measurements in the nanosize 
magnetic contacts and this effect should not be treated as 
being due to experimental errors or a poor reproducibil- 
ity of the measurements. 



II. BASIC FORMULAE FOR THE 
CONDUCTANCE AND THE 
MAGNETORESISTANCE 

In a recent paperi we applied a quasiclassical (QC) 
method for calculations of the conductance of point con- 
tacts between ferromagnetic metals. We considered a 
model of two ferromagnetic, single domain half spaces 
contacting each other through a circular hole of a ra- 
dius a in an impenetrable membrane, separating the do- 
mains. At antiferromagnetically (AF) aligned domains, 
a domain wall (DW) is created inside the constriction. 
We argued that the giant magnetoresistance values were 
determined by peculiarities of the carrier transmission 
through DW. 

If the spin direction does not change when passing 
through DW, the carriers are strongly reflected by the 
interface. This effect can easily be understood because, 
in this situation, the electron moves effectively in a step- 
like potential. Of course, this reflection is large if the 
change of the magnetization in the constriction occurs 
at short distances. The above scenario may be real- 
ized provided the DW width is small, dw < d s , where 
d s = min(^ E - ) vfT±), T± is the longitudinal relaxation 
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rate time of the carriers magnetization, and uj z is the 
Zeeman precession frequencyJ13 In this limit, the carrier 
spin does not have enough time to follow the magnetiza- 
tion profile in DW. The strong reflection on DW leads to 
the magnetoresistance of the order of few hundred per- 
cents, if one uses reasonable values of spin polarizations 
of the conduction band estimated from the experimental 
data of Refs. 0-0- 

In this paper, we use the model described above for the 
case when the conductance of the constriction is quan- 
tized. The connecting hole is assumed to have a cylin- 
drical shape of arbitrary (but shorter than the mean free 
path I) length d. In the case of F-alignment of the mag- 
netizations, the carriers move effectively in a constant 
potential. For the AF-aligned domains, the carriers move 
in a potential corresponding to the magnetization profile 
of the domain wall (Ref. |l5|, Fig. 2). The hole connecting 
the two parts of the space plays the role of a filter select- 
ing only those incidence angles that are allowed by the 
energy and momentum conservation. As the diameter of 
the hole is assumed to be very small, we may use the 
ballistic-limit versions of Eqs. (14), (18) and (19) of our 
workQ to calculate the conductance of the constriction: 
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Similar formulae can also be obtained within the 
Landauer-Biittiker scattering formalismtS. In the above 
expressions, a F (cr AF ) is the conductance at ferromag- 
netic (antiferromagnetic) alignment of the domains, a aa 
is the conductance for the a-th spin channel, and x mn = 
cos 8 is the cosine of the quasiparticle incidence angle, 6, 
measured from the cylinder axis direction, the allowed 
values of cos 9 are denned by Eq. (|4|). D a p(x) is the 
quantum mechanical transmission coefficient for the con- 
necting hole. Calculation of this coefficient is straight- 
forward, but lengthy. It is presented in the Appendix, 
and an explicit expression for D a p (x) is given by Eqs. 

©-©• 

The conductance quantization is assumed to be due to 
the quantization of transversal motion in the constric- 
tion. In the ballistic regime, when disorder is neglected, 
the quantization of the transversal motion in the hole 
imposes the following condition for the component pii of 
the quasiparticle momentum parallel to the interface 



P\\ = PFaSin( 



Pr, 



= fia Z„ 



(3) 



where pFa is the Fermi momentum for the a-th spin 
channel, Z mn is the n-th zero of the Bessel function 
J m (i) (see Appendix) and a is the radius of the hole. 



The assumption of the ballistic motion is quite reason- 
able provided the size of the hole is much smaller than the 
mean free path I. We assume everywhere in this paper 
that the inequality a <C I is fulfilled. 

Eq. (B) is the first basic selection rule. Tilde in Eqs. 
(|l|) and (|) means that the summations should be done 
over the open conduction channels satisfying the condi- 
tion: 



cos6> = y/V- {hZ mn /p Fa a) 2 < 1. 



(4) 



When the alignment of the magnetizations is ferromag- 
netic, the Fermi momenta on both sides of the contact 
are equal to each other in the each spin channel. The en- 
ergy and momentum conservation is already taken into 
account in Eq. (|l]) (both the ingoing and outgoing quasi- 
particles have the same Fermi energy and the specular 
character of the scattering follows automatically). 

At the antiferromagnetic alignment, the conserva- 
tion of the momentum parallel to the interface (pn = 
PFia sin#i = pF2a sin 02 , where the subscript 1 or 2 la- 
bels left- or right hand side of the contact, respectively) 
introduces the additional selection rule into Eq. (^) : 



PFc 



min{p Fjh p FU ). 



(5) 



This selection rule strictly holds when the spin of the elec- 
tron does not change during the electron flight through 
the DW.jThis situation is realized in the model of quan- 
tum DWlI and in the model of effectively abruat DW.EI 
The magnetoresistance is defined as followsEZl 
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The value of the magnetoresistance is sensitive to the 
profile of the DW and can become very large for sharp 
changes of the magnetization. We give an exact solu- 
tion to a problem for the linear profile of magnetization 
in DW, which approximates well the behavior of mag- 
netization in a narrow constriction.E3 The limiting case 
of an infinitely steep slope corresponds effectively to the 
electron motion in a step-like potential, and gives the 
maximum possible magnetoresistance. In principle, the 
solution of the problem for other domain wall profiles can 
be found by perturbations to our exact solution. How- 
ever, if the thickness of DW becomes comparable with 
the Fermi wave-length of the current curriers, then DW 
becomes effectively sharp even for the classical-hyperbolic 
tangent profile of the magnetization in DW.lIa 



III. RESULTS OF MAGNETORESISTANCE 
CALCULATIONS 

In order to find the conductances and the magnetore- 
sistance of the constriction one should take zeros Z mn 
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of the Bessel function, 3 m {Z mn ) — 0, and use the con- 
straint, Eq. (0). Determining the transmission coeffi- 
cients D a p (x) (see Appendix) we substitute it into Eqs. 
(Q) , (^|) and perform summation over the open channels. 

At the ferromagnetic alignment of the magnetizations 
the equality PFa = Pf\ is fulfilled for the a\i contribution 
to the conductance a , Eq. (Q), and pFa = PF{ for the 
an contribution. At the antiferromagnetic alignment the 
minority Fermi momentum should be used instead of pp a 
in Eqs. @ and (^) to calculate the conductance a AF , 
Eq. (|| ). The results are displayed on Figures 1 and 
2. The parameter S = Pfi/pfi < 1 characterizes the 
conduction band spin polarization and is important for 
discussion. One can see from the calculations that the 
results depend on the absolute value of pf\ and, to be 
specific, we have chosen pp j = 

Fig.l displays the results of the calculations for S = 0.7. 
The panel (a) shows the dependence of F- and AF- 
conductances on the channel radius. The parameters d 
and A = dpp^h -1 are the length and dimensionless length 
of the channel, respectively. The chosen value, A = 10.0, 
corresponds to the length d = 10A. The panel (b) shows 
the dependence of the magnetoresistance on the radius 
of the hole. The panels (c) and (d) display the magne- 
toresistance against F-conductance for a potential with 
a finite slope (c), and for a step- like (d) potential in the 
hole. Physically, Fig.l corresponds to the case, when the 
AF-alignment conduction opens up in the interior part 
of the first F-conductance plateau. It allows us to make 
the following conclusions: 

1) the F-alignment conductance is spin dependent 
and the spin channels open non-simultaneously (see 
panel (a)), ttps resulting in e 2 /h quantization of the 
conductanceuEl; 

2) finite magnetoresistance appears simultaneously 
with the first spin "down" and AF-conductance (panel 
(b) in correlation with panel(a)); 

3) the magnetoresistance has quasi-periodic oscilla- 
tions as a function of the hole radius (panel (b)); 

4) sudden jumps in the magnetoresistance followed by 
practically flat plateaus appear at points where a new 
F-alignment spin "up" conductance channel opens up. 
They persist until the spin "down" projection opens a 
new channel (panel (b) in correlation with panel (a)); 

5) when increasing the hole radius (panel (b)) or the 
number of open channels (panels (c) and (d)), the am- 
plitude of oscillations and of sub-steps of the magnetore- 
sistance decreases and its asymptotic value (panel (d)) is 
given by our quasiclassical theory;0 

6) the most intriguing finding is that the magnetore- 
sistance versus the F-alignment conductance is a mul- 
tivalued function of F-conductance, a F (panels (c) and 
(d))- 

The results 2)-6) are novel, and let us discuss them 
in detail. The result 2) demonstrates that the mag- 
netoresistance has the sharp peak when the first con- 
duction channel opens up for the spin "down" electrons 



at F-alignment. If the spin polarization of conduction 
band is such that the spin "down" conductance chan- 
nel appears at the first spin "up" conductance plateau, 
the MR peak should appear at the conductance corre- 
sponding to N F = 2 open channels of F-conductance, 
<j F = (e 2 /h)N F . This is displayed in our Fig.l, and the 
experimental results by Garcia et a for Ni-Ni and Fe- 
Fe point contacts clearly demonstrate the same tendency. 

The result 3) indicates, that consecutive maxima in 
magnetoresistance as a function of the contact radius cor- 
respond to opening of the AF-conductance channels. 

The result 4) leads to a weakly disperse or even 
non-disperse behavior of magnetoresistance at cer- 
tain numbers of open F-alignment channels: N F = 
3, 4, 7, 8, 10, 12, 13... . The non-disperse behavior of MR 
is due to the fact that the AF-conductance is practi- 
cally independent of the contact radius when a new F- 
conductance channel opens up (see panel (b)). 

The result 5) shows that if conductance exceeds the 
value 10-15 (in the e 2 /h units), which corresponds to the 
values of 8-10A for the hole radius, the magnetoresistance 
fluctuations become relatively small and its mean value 
converges well to that obtained in the ballistic quasi- 
classical regime.Q 

The result 6) is crucial for the interpretation of the ex- 
perimental data. The panel (b) shows a very sharp peak 
between a ~ 2.65A and a ~ 3.8A . The decay of the 
peak persists until a new spin "down" conduction chan- 
nel opens at the F-alignment. If we draw the peak mag- 
netoresistance versus the number N F of open channels 
(panels (c) and (d)) we see that all the points correspond 
to the single abscissa, N F = 2. This means that the mag- 
netoresistance is a multivalued function of the number of 
open conduction channels at the F-alignment, provided 
the temperature effects and quenched disorder may be 
neglected. The magnetoresistance does not oscillate as a 
function of the conductance a F , but there are distribu- 
tions of MR at fixed values of the F-alignment conduc- 
tance, a F . The origin of these distributions is clarified 
by inspection of the panel (b) of Fig. 1 and its comparison 
with the panel (a): in spite of the fact that the actual 
radius may vary in the range 2.65 — 3.8 A, it gives iden- 
tical values of the F-conductance, which are due to the 
quantization. At the same time, the AF-conductance de- 
pends on the radius (area) of the connecting channel, and 
this results in the different values of magnetoresistance. 
The multivalued magnetoresistance as a function of a F 
we predict is simply a consequence of the conductance 
quantization. This property survives for every reason- 
able shape of the nanocontact, provided that conduc- 
tance at the ferromagnetic alignment of magnetizations 
is quantized (conductance steps exist), and the domain 
wall in the constriction is effectively sharp. The mul- 
tivalued behavior leads to extremely large fluctuations 
in the measured magnetoresistance data at the same F- 
conductance values. The density of points is considerably 
larger at small values of the magnetoresistance, than at 
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larger ones. As a consequence of the decreasing density 
of the points, large values of the magnetoresistance are 
much less probable than the small ones. When observed 
experimentally, such a MR distribution should not be 
interpreted as being due to a poor reliability and repro- 
ducibility of experimental data. The giant data fluctu- 
ations are inevitable in the magnetoresistance measure- 
ments on the quantum magnetic contacts. 

Increasing the spin polarization of the conduction band 
(decreasing the parameter 8) we see from our model that 
opening of the spin "down" conductance channel moves 
towards the second step in F-conductance. Then, weakly 
disperse MR distributions, which originate from the fiat 
magnetoresistance graph sections (panels(b) of Figs. 1 
and 2), become strongly disperse moving closer to the 
steps of the spin "down" F-conductance. Fig. 2 is drawn 
using the parameter 8 = 0.55, so that the spin "down" 
conductance appears now at the second plateau of the 
spin "up" conductance at F- alignment (panel (a)). Ob- 
viously, the MR points appear now at N F — 3 open 
conductance channels of F-alignment. The figure reveals 
the seventh finding: the minimal number of open chan- 
nels N F at which the magnetoresistance points appear 
allows us to estimate the lower bound for the conduction 
band spin polarization parameter 8. 

A further increase of the conduction band polariza- 
tion leads to the following interesting behavior: a) MR 
points appear at N F — 4 and larger numbers of the open 
F-conductance channels; b) the theory predicts a huge 
enhancement of MR at high conduction band polariza- 
tions (small 8). From our calculations we conclude that 
if nanosize point contacts made of highly— spin polarized 
metals (6 < 0.4: NiMnSb, LMSO, Cr0 2 B) with the F- 
conductance in the range of 5-10 channels were avail- 
able experimentally, they would show MR of 1000% and 
higher. 

Our calculations, panels (c) of Figs. 1 and 2, show 
that the finite length of the constriction does not influ- 
ence qualitatively the results, which can be deduced from 
the calculations for the step-like potential barrier corre- 
sponding to DW. All above conclusions hold, but the 
magnitude and the overall width of MR distributions de- 
crease as compared to the results of calculations for the 
model of the step-like potential describing DW in the 
constriction (panels (d) of Figs. 1 and 2). 

IV. DISCUSSION OF THE EXPERIMENTS 

Our calculations show that, in the quantized conduc- 
tance regime, the minimal number of open F-conductance 
channels, at which the values of the magnetoresistance 
appear, is determined by the conduction band polariza- 
tion 8. In Fig. 1 the AP-alignment conductance channel 
opens up at the first plateau of the spin "up" conduc- 
tance. Corresponding magnetoresistance points appear 
at N F = 2 open F-conductance channels. Our analysis 



shows that the threshold of the magnetoresistance rise 
moves from N F — 2 to N F — 3 op en F-conductance 
channels at 8 ~ 0.63. The experiments by Garcia et al 
on Ni-Ni contacts (Fig. 2b of Ref. 0, Fig. la of Ref. | 
and Fig. 2 of Ref. ph and on Fe-Fe contacts (Fig. la of 
Ref. H) clearly indicate that the MR points appear close 
to N = 2 for the both materials. This means that 8 for 
both Ni and Fe is larger than 0.63 for our choice of the 
parameter pp-\ — 

In contrast, the experimental data for Co-Co contacts, 
Fig. 2a of Ref. [§ and Fig. 2 of Ref. §, indicate that MR 
appears at N F ~ 3 open channels, that is at the second 
plateau of the spin "up" F-conductance (see panels (a, 
b) of Fig. 2). This suggests that polarization of the 
conduction band in Co is higher (and 8 is smaller) as 
compared with Ni and Fe, and allows us to estimate the 
lower bound as 8{Go) ~ 0.47 — 0.63. 

Additional information can be extracted from the dis- 
tributions of the MR points at small numbers of open F- 
conductance channels. We interpret these distributions 
as manifestation of the multivalued behavior of the mag- 
netoresistance as a function of F-conductance. In Fig. 
3, the calculated values of MR are compared with the 
results of the experiments on Ni and Co point contacts. 
Solid circles at every quantized value of the conductance 
show the range of the magnetoresistance distributions 
calculated at A = 6.0. In addition, some points close 
to the experimentally measured ones are shown inside 
the regions. The maximum theoretically available MR 
values for this length of the channel are ~ 500% for Ni 
(at N F = 2) and - 1600% for Co (at N F = 3). 

Surprisingly, our simple model reproduces well the MR 
fluctuations and the extreme MR values at <5(Ni) ~ 0.64 
and 8 (Co) ~ 0.57 and small numbers of open conduction 
channels. A deviation of the calculated MR from the 
experimental ones at N F > 6 — 8 (in e 2 /h units) may be 
referred to various reasons: 

1) when the diameter of the constriction becomes large 
the domain wall is no longer effectively abrupt (indepen- 
dent of the actual shape) , and the magnetoresistance be- 
gins to drop very fast down to the values 2-11% given by 
the Levy-Zhang mechanism of scattering enhancement in 
the domain wall;lij 

2) one or several impurities or lattice defects may be lo- 
cated just at the constriction causing additional random 
deviations of conductance values from integer numbers 
of e 2 /h (see, for example, Refs. |i|, p(i| , pl| and references 
therein); 

3) the shape of the constriction may deviate substan- 
tially from the cylindrical one. According to calculations 
by Torres et alE3 for variable cross-section constrictions 
with the hyperbolic geometry, the conductance quantiza- 
tion steps survive at the opening solid angles up to 90°, 
at least for the small number of open conductance chan- 
nels. This also leads to deviations of conductance values 
from integer numbers of e 2 //i; 

4) the non-cylindrical cross-section of the connecting 
channel (it can be verified for the elliptic and rectangu- 
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lar cross-sections) influences the quantization conditions 
and, hence, the sequence of openings of the spin channels. 

The latter reason may change the assignment of some 
open conduction channels from the spin "up" quantiza- 
tion to the spin "down" one and vice versa. It may influ- 
ence the structure and the width of the MR distributions 
at fixed values of the F-conductance a F in Fig. 3, but 
does not destroy overall consistency of the theory with 
the experiment. 

Thus, besides the conduction band polarization param- 
eter 8, a contact size, a shape and a length of the channel 
determine the values of the magnetoresistance. The real 
nanocontacts by Garcia et al have been made by press- 
ing a sharpened ferromagnetic tip into another piece of 
a ferromagnet. Every MR point has been measured for a 
particular contact with individual shape, size and length 
of the constriction. That is why we believe that over- 
all agreement of the theory with the experiment is fairly 

g° od - , n_n 

Thus, our analysis of Garcia et al measurementsErEI 
suggests that the conduction band polarization parame- 
ters 5 for different materials obey the following inequal- 
ities: S(Fe) > <5(Ni) > <5(Co). This means that cobalt 
has the most polarized conduction band. On the other 
hand, one can extract the information about the spin 
polarization of a ferromagnet's conduction band from 
the Ferromagnet-Insulator-Superconductor (FIS) tunnel- 
ing spectroscopy and the F-S Aadreev reflection spec- 
troscopy. The FIS tunneling datatil provide the following 
estimates for the mean values of the conduction band po- 
larization parameter S: 0.63 for Ni; 0.48 for Go. and 0.43 
for Fe. The Andreev reflection spectroscopjOliil gives 
the mean values of 5: 0.62 for Ni; 0.64 for Co; 0.62 for 
Fe - from Rcf. ||; 0.72 for Ni and 0.68 for Co - from Ref. 
|TJ; 0.6 for Ni and 0.62 for Fe - from Rcf. [l| So, our esti- 
mated values for S, S(Ni) ~ 0.64 for Ni and 6 (Co) ~ 0.57 
for Co, are rather close to those obtained from the tun- 
nel and Andreev spectroscopies. At the same time, these 
spectroscopies indicate that iron probably has the high- 
est polarization of the conduction band. This does not 
agree with the conclusions obtained from measurements 
of the magnetic point contact magnetoresistance. 

Of course, complex band structures of the contacting 
metals in the Andreev and the point contact measure- 
ments may affect the values of the conduction band spin 
polarization obtained from these experiments. However, 
we would like to stress here that this discrepancy may 
also be due to the character of the electron transmission 
through the contact. In the point contact of two ferro- 
magnetic metals, an electron traverses the domain wall 
at the AF alignment of magnetizations, which contrasts 
the tunneling in the tunnel and Andreev spectroscopies. 
We believe, that regime of the spin conservation during 
the flight through the constriction could not been sat- 
isfied in Fe. Then, the effective domain width is large, 
d w (Fe) ~ l s (Fe), and the electron spin partially follows 
the domain wall profile. This results in the appearance 
of the AF-conductance and magnetoresistance at smaller 



numbers of open F-conductance channels (N F = 2), 
rather than at N F = 3 or 4 as one might expect from 
our theory. This may be also the reason why the magni- 
tude of magnetoresistance is reduced in iron to ~ 30%. 

Let us say few words about influence of a disorder in 
the area of the contact and of temperature effects on the 
magnetoresistance. Strong disorder should be avoided in 
experiments, because it destroys quantization (see, for 
example, Ref. ^l] and citations therein), and hence the 
huge enhancement of magnetoresistance that we predict. 
One may estimate from Rcf. ^ljtliat typical range for fluc- 
tuations of the disorder potential energy should be below 
10% of the Fermi energy. The experiments by Garcia et al 
have been made on pure metals at room temperature, so 
we do not expect any effects that would result in the weak 
localizationE3 If there is a single impurity just in the con- 
striction, the transmission coefficient changesEJE.il, and 
this leads to deviations of the F-conduction values from 
the integer numbers of e 2 /h. However, provided the con- 
dition Vi/ep <C 1 is fulfilled, where Vi is the impurity 
potential, the effect of the impurity scattering on the 
conductance is small, and our analysis for the ballistic 
transmission should be qualitatively valid. 

We expect that temperature effects are relatively small 
if the temperature does not exceed the Fermi energy ep 
and the Curie temperature Tcurie, ksT C£f, ksTcurie- 
Moreover, phonon and magnon assisted relaxation pro- 
cesses are quenched because of a large, 1 — 3 eV, exchange 
splitting of the conduction band. The experimental ob- 
servation of sharp conduction quantization Steps in the 
nickel nanosize contacts at room temperatureQ cl confirms 
the above expectation. 

From the above analysis we conclude. that our theory is 
consistent with the experimental data.Enj Therefore, it is 
reasonable to think that the origin of large fluctuations 
of the magnetoresistance as a function of conductance 
a F at the ferromagnetic alignment is the quantization of 
conductance, but not measurement errors or poor repro- 
ducibility of the results. The smallest number of open 
F-conductance channels, at which the magnetoresistance 
data appear, allowed us to estimate the low bound of 
the spin polarization of the conduction band of a ferro- 
magnet. For a more detailed comparison of our theory 
with experiments more experimental data points for the 
magnetoresistance, as well as more experimentally de- 
termined or controlled parameters like d, T\, u>z, and 
more information about the shape of the constriction are 
needed. Besides the experiments by Garcia et al, our the- 
ory has obvious implications to future experiments with 
a nanocontact between two ferromagnetic islands made 
of a short nanowire. 
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VI. APPENDIX: THE TRANSMISSION 
COEFFICIENT FOR THE CYLINDRICAL 
CHANNEL 

In this Appendix we solve the quantum mechanical 
problem of a particle motion in the cylindrical channel of 
the length d and the radius a and find the exact coefficient 
of transmission through this channel. The solution of 
the Schrodinger equation in the cylindrical coordinates 
is sought in the form 



V(p,x) = $(x)J r 



(7) 



where Z mn being the discrete set of zeros of the Bessel 
function: J m (Z mn ) = 0, and the variable x is chosen 
along the axis of the cylinder. The boundary condition 
is chosen as: 



y(a,x) = 0. 



(8) 



It results in the quantization of the transverse (with re- 
spect to the x -axis) motion by the zeros of the Bessel 
function. The longitudinal motion is described by the 
equation 



i 2 — 

dx 2 



(2 -2 172 

\PfO ~ a A m- 



h 2 + 2mU{x)) $ = 0. (9) 



In order to simplify the calculations we model the de- 
pendence of the magnetization of the domain wall (Ref. 
hq, Fig. 2) on the coordinate x perpendicular to the mem- 
brane by the following function 



U(x) = 2Ix/d, -d/2 < x < d/2. 
A general solution to Eq. (^) can be written as, 

*(x) = C x Ai(0 + C 2 Bi(0, 
where Ai(£) and Bi(£) are the Airy functions, El 
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Introducing the spin "up" (f>Ff) and spin "down" (pft) 
Fermi momenta and using the relation, 
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we obtain 
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(14) 



where pn = a~ l Z mn h, is the parallel to the interface 
(but transverse with respect to the x-axis of the cylinder) 
projection of the momentum allowed by the quantization 
condition. Combining (Jll|) and (J?]) we find the general 
solution of the Schrodinger equation for the particle mov- 
ing in a cylinder. 

To find the transmission coefficient through the cylin- 
der, connecting two bulk ferromagnetic metals, we match 
the wave functions and their derivatives at the interfaces 
and relate the outgoing probability flux to the ingoing 
one. As a result, the exact expression for the transmis- 
sion coefficient reads 



D 



Num 
Denum ' 



(15) 



where 



Num = Ap x ip x2 [|7 2 | 4>\ + + <j)l + + (7 + 7*)0i+^ 



1+^2+J , 
(16) 



In the limit d — > the expression for D (|lj) considerably 
simplifies and reduces to a familiar expression for the 
transmission coefficient for scattering on the potential 
step, 



D 



^PxlPx 



step 



{Pxl +Px%Y 



(23) 



which has been used for checking the numerical calcula- 
tions with D @. 

Figure captions 

Fig. 1. The dependence of conductance (a), and mag- 
netoresistance (b) on the radius of the hole a. Panels 
(c) and (d) show dependencies of the magnetoresistance 
on the number of the open conductance channels at the 
F-alignment of the magnetizations : (c) for the poten- 
tial described by Eq. (10) (d) for the step-like potential. 
8 = 0.7 for all panels. 

Fig. 2. The same as in Fig.l, but for <5 = 0.55. 

Fig. 3. Comparison between the theoretical and exper- 
imental values of the magnetoresistance for Ni (6 = 0.64) 
and Co (<5 = 0.57) nanosize point contacts. The exper- 
imental data are taken from Ref. |^. For a discussion of 
the calculated MR values see the text. 
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The projection of the momentum of incident particles on 
the x -axis is 



Px 



■ PFi COS 6i 



(22) 
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